Introduction
============

There are estimated to be tens of millions of workers exposed to crystalline silica (CS) worldwide [@B1], many of whom are exposed to higher concentrations than the occupational limit in both developing and developed countries. Industrialization processes in developing countries have made this situation even worse [@B2]. Although an array of circumstances leading to occupational exposure has been existing for decades, such as mining, pottery, glass and concrete production, new occupational exposure circumstances continue to emerge [@B3], [@B4]. Inhalation of crystalline silica is associated with the development of pulmonary fibrosis, leading to silicosis [@B5], which is characterized by the progressive and irreversible destruction of normal lung architecture. This disease is incurable due to impaired particle clearance, resulting in persistent lung inflammation and fibrosis that may eventually lead to respiratory failure due to excessive extracellular matrix (ECM) deposition.

Crystalline silica-induced lung pulmonary fibrosis begins with a prominent acute inflammatory response that is caused by the recruitment and accumulation of inflammatory cells, including macrophages and lymphocytes, and the elevated secretion of pro-inflammatory and pro-fibrotic cytokines and chemokines [@B6]. The progression of silicosis involves a multi-factorial process that involves crystalline silica-induced persistent lung inflammation and ECM production. Cells responsible for the production of ECM proteins are myofibroblasts, which can be derived from three potential sources: (1) the expansion and activation of resident lung fibroblasts, (2) epithelial cells losing epithelial markers and gaining mesenchymal markers during the process of epithelial mesenchymal transition (EMT), or (3) the recruitment and differentiation of circulating mesenchymal precursors known as fibrocytes [@B6]-[@B9]. During the progression of fibrosis, immunomodulatory effects activate innate and adaptive immune responses, which create a milieu rich in pro-fibrotic growth factors, cytokines, and chemokines that foster the development of fibrosis [@B10] and are an integral part of the pathogenesis of silicosis.

At present, there are few effective therapies that can reverse or even delay the progression of crystalline silica-induced fibrosis; thus, patients with this disease are usually only offered supportive care [@B11]. Therefore, there is an urgent need to identify drugs that can prevent this disease or delay its progression. Natural products have recently been gaining more attention because of their many biological activities and desirable health benefits [@B12]-[@B16]. Dioscin (Dio), a steroidal saponin, is abundantly expressed in many medical plants such as *Dioscorea nipponica Makino*. Pharmacologists have performed extensive research studies that have demonstrated that this natural product has anti-tumor [@B17], anti-inflammatory [@B18], anti-virus [@B19], lipid-lowering [@B20], and hepatoprotective activities [@B21]. In addition, it has shown remarkable protective effects against several factors that induce hepatic fibrosis [@B22], [@B23]. However, to the best of our knowledge, there have been no studies on the effects of dioscin against pulmonary fibrosis, especially CS-induced fibrosis. Here, we explored the potential pulmonary protective effects of dioscin in a mouse model of silicosis and the possible mechanisms underlying its actions.

Materials and methods
=====================

Crystalline silica
------------------

Crystalline silica (CS) particulates were purchased from the U.S. Silica Company (Frederick, MD, USA). Particulate size distribution was as follows: 97% \<5 μm in diameter, 80% \<3 μm in diameter, median diameter of 1.4 μm. The equivalent spherical diameter is shown in Figure [S1](#SM0){ref-type="supplementary-material"}. Typical physical properties were: compacted bulk density, 656 kg/m³; uncompacted bulk density, 576 kg/m³; Mohs hardness, 7; Hegman fineness, 7; Yellowness index, 2.0; and Specific gravity, 2.65. Silicon dioxide accounted for 99.3% of its chemical composition. Particulates were ground in saline for 3 h, boiled in 1 N hydrochloric acid, washed, dried, and suspended in sterile saline. Suspensions were sonicated for 10 min before use.

Dioscin
-------

Dioscin (Dio) was purchased from Spring & Autumn Biological Engineering Co. Ltd. (Nanjing, China) with a purity \>98% that was determined by high-performance liquid chromatography (Figure [S2](#SM0){ref-type="supplementary-material"}). Dioscin was dissolved in 0.5% sodium carboxyl methyl cellulose (CMC-Na; Sigma, St. Louis, MO, USA) solution in distilled water for *in vivo* experiments. Dioscin was dissolved in 0.01% dimethyl sulfoxide (DMSO) for *in vitro* experiments.

Animal experiments
------------------

Female C57BL/6 mice 6-8 weeks of age were purchased from SLAC Laboratory Animal Co. Ltd. (Shanghai, China). All of the mice were housed in a pathogen-free facility at China Medical University (Shenyang, China). All of the animal experiments were approved by the Animal Care and Use Committee at China Medical University, and complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The silicosis model was performed as previously described [@B24]. Briefly, C57BL/6 mice were anesthetized with an injection of 10% chloral hydrate (0.4 mL/100 g) (Sangon Biotech, Shanghai, China) and placed on a platform. A 50 μL solution containing 2.5 mg CS was directly instilled by intratracheal instillation. Control mice were instilled with 50 μL sterile saline.

Program 1: The mice were randomly divided into the six groups (10 mice per group): Group I (Saline group), in which the mice were instilled with saline and orally administered vehicle only; Group II (dioscin control group), in which the mice were instilled with saline and orally administered dioscin (80 mg/kg); Group III (Crystalline silica group), in which the mice were instilled with crystalline silica as described before and orally administered vehicle only; Groups IV-VI (dioscin-treated groups), in which the mice were instilled with crystalline silica and orally administered dioscin at doses of 80, 40 or 20 mg/kg, respectively, once daily for consecutive 56 days. As Figure [1](#F1){ref-type="fig"}A describes, an experimental silicosis model was made on day 0. At the designated time points after crystalline silica instillation, mice were euthanized with chloral hydrate by intraperitoneal (i.p.) injection (0.8 mL/100 g). The eyeballs of mice were removed under anesthesia to get blood. Lungs were harvested for further analyses. For bronchoalveolar lavage fluid (BALF), the trachea was cannulated and lavaged twice with 1 mL sterile saline at room temperature. Samples were centrifuged at 1500 rpm for 5 min, after which the cell-free supernatant was saved for cytokine detection.

Program 2: Furthermore, we made another experimental mouse model to explore the effect of dioscin on established silicosis. As Figure [9](#F9){ref-type="fig"}A describes, after CS instillation, no treatment was given from day 1 to 10, during which silicotic acute inflammation was well underway. Dioscin (80 mg/kg) or vehicle were administered by gavage from day 11, and administered by daily intragastric gavage from then on. Mouse lungs were harvested 28 d, 42 d and 56 d after CS injury (8 mice per group per time point). Tissues were sectioned for Masson\'s trichrome to assess the degree of fibrosis (n=4-5). Collagen contents in the lung were measured with hydroxyproline assay.

In this*in vivo* experiment, the mouse primary alveolar macrophages were isolated and cultured. Briefly, the macrophages were obtained by lung lavage (n=3-4). Cells were suspended and cultured in RPMI-medium with 10% fetal bovine serum (FBS) and penicillin-streptomycin. Non-attached cells were removed after 2 h culture. The fresh RPIM-medium with FBS was added to the attached cells. LPS (25 ng/mL) was added in the culture medium for 6 h to induce cytokine secretion. Then the culture media were collected for cytokine measurement (IL-1β, IL-6, TNF-α and MCP-1).

Dioscin Toxicity Assay
----------------------

The RAW 264.7 cells and NIH-3T3 cells were seeded into 96-well plates at a density of 5×10^4^ cells/mL per well for 24 h before treatment and then incubated for another 24 h in the presence of different concentrations of dioscin (RAW264.7: 37.5, 75, 150, 300, 600, 1200, and 2400 ng/mL, NIH-3T3:125, 250, 500, 1000, 2000, 4000 8000 ng/mL). The cell viability was measured using the MTT method.

Cell culture and treatment
--------------------------

Mouse macrophage RAW264.7 cell line and NIH-3T3 mouse fibroblast cell line were purchased from National Infrastructure of Cell Line Resource (Beijing, China). RAW264.7 cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS). NIH-3T3 cells were maintained in DMEM with 10% FBS. Both medium were supplemented with 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were grown at 37 °C in a humidified 95% air/5% CO~2~ incubator.

24 h prior to exposure, the RAW264.7 macrophages were plated into 12-well plates with a density of 3×10^5^ per well, pre-treated with lipopolysaccharide (LPS, 25 ng/mL, Sigma-Aldrich Chemical Company) for 3 h, then exposed to crystalline silica particles (50 μg/cm^2^) in the presence of dioscin for 6 h [@B25], [@B26]. Dioscin was added with different concentrations of 300, 150, 75 ng/mL determined by MTT (Figure [S5](#SM0){ref-type="supplementary-material"}). Anisomycin (2 ng/mL, Cell Signaling Technology), activator of JNK and p38 MAPKs, was used to test the biological effect of dioscin on the MAPKs. The use of RAW264.7 cell is an established murine model in the literature for CS experiments [@B25]-[@B27]. After that, cultured medium was collected for ELISA analysis and cells were lysed for western blot analysis.

NIH-3T3 is a murine fibroblast cell line that is widely used to investigate roles of fibroblast in fibrogenesis [@B28]-[@B30]. NIH-3T3 cells were seeded in 12-well plates (8×10^4^ cells/ well) and cultured overnight. Then the cells were serum-starved for 24 h. 3T3 cells were incubated with or without TGF-β (5 ng/mL, Sino Biological Inc), with or without dioscin (1000, 500, 250 ng/mL) (Figure [S5](#SM0){ref-type="supplementary-material"}). After 30 min, cells were lysed for western blot analysis to test the effects of dioscin on TGF-β-smad3 signaling. In addition, 3T3 cells were incubated with or without TNF-α (25 ng/mL, Sino Biological Inc), with or without dioscin (1000, 500, 250 ng/mL). After 30 min, cells were lysed for western blot analysis to test the effects of dioscin on ASK-1-p38/JNK signaling. After 12 h, cells were lysed to get mRNA and detect Il-1β, Il6, and Tnf-α expression.

Co-culture experiment
---------------------

This co-culture model was conducted as previously described [@B30]. Briefly, in our experiment, we used 24 mm Transwell® with a 0.4 μm Pore Polyester Membrane Insert from Corning Company. LPS-primed RAW264.7 cells seeded in the lower well were first treated with CS (50 μg/cm^2^) for 24 h together with different concentrations of dioscin (300, 150, 75 ng/mL), and then NIH 3T3 cells which had attached on the top of the insert for 24 h were co-cultured with RAW264.7 cells in the Transwell 6-well plate system for another 24 h. After that, NIH-3T3 cells were collected to detect the mRNA levels of collagen I and α-SMA.

Hydroxyproline assay
--------------------

Lung collagen content was measured with a hydroxyproline (HYP) kit (Nanjing Jian Cheng Institute, Nanjing, China). The left lungs cleared of blood were used following the manufacturer\'s instruction. The results are expressed as microgram HYP per gram of wet lung weight by HYP standards.

Histological analysis and immunohistochemistry
----------------------------------------------

The lung samples were fixed in 4% paraformaldehyde and embedded in paraffin. Samples were sectioned for staining with hematoxylin and eosin (H&E) or Masson\'s trichrome staining to assess the degree of fibrosis. Immunohistochemistry (IHC) and immunofluorescence (IF) were performed as previously described. Briefly, 5 µm sections were deparaffinized and rehydrated. After the antigen was recovered by microwave heating of histologic sections in citrate buffer (Beyotime). Then the tissues were incubated with the appropriate primary antibodies at 4°C overnight and with horseradish peroxidase (HRP) polymer secondary antibodies (Santa Cruz) at room temperature for 30 min, followed by DAB color development (Santa Cruz). Primary antibodies specific for type I collagen, CD45 (Abcam), cluster of differentiation 3 (CD3; Santa Cruz), B220 (eBioscience), Mac-2 binding protein (Cedarlane), E-cadherin (Cell Signaling Technology), and N-cadherin (Cell Signaling Technology) were used for staining. This was followed by incubation with Alexa Fluor 488- and Alexa Fluor 594-conjugated secondary antibodies (Abcam). The nucleus was labeled with DAPI (Life Technology). The numbers of Mac-2 positive cells, B220 positive cells and fibrocytes were counted by a blind method. Image-Pro Plus 6.0 software was used for cell counting. Three different fields were selected from a lung section and three sections per animal were evaluated to obtain a mean value. 3-4 mice from each group were used to obtain an overall value for subsequent statistical analysis.

Quantitative PCR analysis
-------------------------

We performed RNA isolation and quantitative PCR (qPCR) as previously described. Briefly, total RNA was isolated from lungs cleared of blood using TRIzol Reagent (Invitrogen) and was reverse transcribed into cDNA with PrimeScript RT kit (Takara) based on the manufacturer\'s instructions. Target gene expression was determined using the SYBR Green Master Mix Kit (Takara). All of the RNA samples in the different groups were isolated and amplified in parallel. The sequences of specific primer pairs are described in the [Supplementary Materials](#SM0){ref-type="supplementary-material"} (Table [S1](#SM0){ref-type="supplementary-material"}). GAPDH was used as the internal control for determining ΔC~T~ values. Fold increases in expression were normalized to the saline control group by determining the 2^-ΔΔC^~T~ values.

Fluorescence-activated cell sorting analysis
--------------------------------------------

Fluorescence-activated cell sorting (FACS) analysis was performed as previously described. Briefly, the hilar lymph node (HLN) was mechanically dissected and digested with 0.25% trypsin for 5 min at 37°C. The HLN cell pellet was washed and re-suspended in phosphate-buffered saline (PBS). The total population of HLN cells was stained with CD3, CD4, CD8, CD25, forkhead box P3 (Foxp3), interferon-gamma (IFN-γ), interleukin-4 (IL-4) and interleukin-17A (IL-17A) antibodies (all from BD Bioscience, San Jose, CA, USA). For lung cells, mouse lung was digested in buffer containing collagenase (15 mg), DNase I (250 KU), and complete media (RPMI+10% FBS) at 37°C for 30 min, and was then filtered through a 70 μm cell strainer. The total population of lung cells was analyzed by flow cytometry after staining with antibodies to CD45 (BD Bioscience), Type I collagen (Rockland Immunochemicals, Limerick, PA, USA), epithelial cell adhesion molecule (EpCAM; eBioscience), and fibroblast specific protein-1 (FSP-1; Abcam). FACS was performed on the BD Canto II FACS station, and data were analyzed using FlowJo V10 software.

Western blot analysis
---------------------

The proteins were extracted from lung tissue and cells following standard protocols as previously described. RIPA buffer (Beyotime) containing protease inhibitors (Beyotime) and phosphatase inhibitors (Roche, Basel, Switerland) was used. All of the lung tissues used in the analysis were cleared of blood. Total protein was estimated using the Pierce BCA Protein Assay Kit (Thermo Scientific). Lung lysates from each mouse were diluted to a concentration of 3 μg/μL. Cell lysates were also diluted to the same concentrations. Then, 10 μL aliquots (i.e., 30 μg protein or equivalent) of each sample were resolved on sodium dodecyl sulfate polyacrylamide gels and electrophoretically transferred to PVDF membranes. After blocking in 5% defatted dried milk, membranes were washed and incubated with the following primary antibodies: anti-Fibronectin-1 (Abcam), anti-Collagen-1 (Abcam), anti-apoptosis signal-regulating kinase 1 (ASK1; Abcam), anti-transforming growth factor beta 1 (TGF-β1; Abcam), anti-phospho-ASK1 (Santa Cruz), anti-p38, anti-phospho-p38, anti-c-Jun N-terminal kinase (JNK), anti-phospho-JNK, anti-Vimentin, anti-Smad3, anti-phospho-Smad3, and anti-β-Actin (all from Cell Signaling Technology) overnight at 4°C. Then membranes were incubated with horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit or goat anti-rat; Cell Signaling Technology). Blots were developed with a high-performance luminol substrate solution (PexBio, Beijing, China). β-Actin was used as the loading control.

Cytokine analysis
-----------------

BALF was obtained as previously described. The cytometric bead array (CBA) mouse inflammation kit (BD Biosciences) was used to determine the cytokine levels in BALF according to the manufacturer\'s instructions. Briefly, multiple capture beads were mixed together and co-incubated with 50 μL BALF supernatant and detection reagent for 2 h. Then beads were washed carefully and re-suspended. Samples were analyzed using a FACS Canto II station, and data were analyzed with FCAP Array software. In addition, levels of IL-1β, IL-2, IL-4, IL-13, and IL-17 (R&D Systems, Minneapolis, MN, USA) in BALF were measured with a commercial enzyme-linked immunoassay (ELISA) kit according to the manufacturer\'s instructions. Cytokines including IL-1β, IL-6, MCP-1, TNF-α (R&D Systems, Minneapolis, MN, USA) in the cell cultured medium were measured by ELISA following the instructions.

Statistical analysis
--------------------

All of the quantitative experiments were repeated at least once with consistent results. The sample data from independent experiments were calculated to obtain the mean ± standard deviation. One-way analysis of variance (ANOVA) followed by the Student-Newman-Keuls test was used to compare treatment groups with the control. P values less than 0.05 were considered statistically significant. GraphPad Prism 7.0 software or SPSS 19.0 was used for the statistical analyses.

Results
=======

Dioscin attenuates crystalline silica-induced pulmonary fibrosis
----------------------------------------------------------------

To investigate the biological effects of dioscin (chemical structure is shown in Figure [1](#F1){ref-type="fig"}B) on CS-induced pulmonary fibrosis, we used an experimental silicosis mouse model. The mice were treated with 20 mg/kg, 40 mg/kg, or 80mg/kg dioscin by intragastric gavage daily after CS instillation (Figure [1](#F1){ref-type="fig"}A). We evaluated collagen deposition in the lung tissues of dioscin or vehicle treated mice by analyzing the HYP content, and found that dioscin treatment reduced the amount of collagen in the lungs of CS-injured mice (Figure [1](#F1){ref-type="fig"}C). Accordingly, Masson\'s trichrome staining showed decreased collagen deposition in mice treated with dioscin compared with vehicle treated mice (Figure [1](#F1){ref-type="fig"}D). Furthermore, attenuated fibrosis was supported by decreased protein levels of type I collagen and fibronectin in the lungs at 56 d (Figure [1](#F1){ref-type="fig"}E, F). Moreover, qPCR analysis showed decreased mRNA type I collagen and fibronectin expression in the lungs (Figure [1](#F1){ref-type="fig"}G, H). We also showed by IHC staining that dioscin treatment reduced type 1 collagen deposition in the lungs (Figure [1](#F1){ref-type="fig"}I). What\'s more, we recorded the body weight of mice in each group during the intragastric administration and found that dioscin promoted body weight recovery during the first three weeks after CS instillation (Figure [S3](#SM0){ref-type="supplementary-material"}). Taken together, these data show that dioscin reduces collagen deposition in the lungs of CS-injured mice.

Dioscin targets the innate and adaptive immune systems
------------------------------------------------------

To investigate the mechanisms underlying the attenuation of CS-induced pulmonary fibrosis by dioscin, we first performed bioinformatics analysis utilizing STITCH, a database used to explore known and predicted interactions between chemicals and proteins. Several protein factors were involved, and predicted protein-protein interactions were demonstrated (Figure [2](#F2){ref-type="fig"}A). Gene Ontology (GO) analysis was used to determine how these protein factors are involved in dioscin\'s effects. GO analysis of the biological process showed that the inflammatory response may be an important biological effect related to dioscin (Figure [2](#F2){ref-type="fig"}B). It has also been reported that persistent inflammation drives fibrotic procession in some fibrosis animal models [@B31]. Thus, we analyzed the inflammatory responses in dioscin- or vehicle-treated mice 7 d after CS instillation. Notably, compared with saline-treated mice, CS-injured mice showed severe pulmonary inflammation, whereas the dioscin-treated mice had decreased lung inflammation in a dose-dependent manner (Figure [2](#F2){ref-type="fig"}C).

Next, we measured levels of the pro-inflammation cytokines IL-6, IL-1β, and TNF-α, and found that their expression in BALF was altered in a dose-dependent manner upon dioscin treatment (Figure [2](#F2){ref-type="fig"}D-F). The qPCR analysis showed that mRNA levels of Il-6, Il-1β, and Tnf-α in the lungs of CS-injured mice were decreased by dioscin treatment (Figure [2](#F2){ref-type="fig"}G). There was also markedly increased cellularity near the perivascular and peribronchial regions of lungs exposed to CS, but not in control mice. In addition, cell infiltration was reduced by dioscin treatment (Figure [S4](#SM0){ref-type="supplementary-material"}A).

Acute inflammatory infiltration induced by CS particles is typified by macrophages. In saline-treated lungs, Mac-2-positive macrophages were barely detected, whereas in lungs exposed to CS, they were readily seen. In addition, the number of macrophages was clearly decreased in the lungs of dioscin-treated mice (Figure [2](#F2){ref-type="fig"}H, I). We also measured the expression of the classical macrophage marker CD68 in the lungs of dioscin-treated mice by qPCR analysis, and found that similarly to Mac-2, dioscin-treated mice showed reduced mRNA levels of CD68 (Figure [S4](#SM0){ref-type="supplementary-material"}B). Monocyte chemotactic protein-1 (MCP-1), a potent chemokine of macrophages, exhibits increased expression in silicosis patients [@B32]. We used CBA to measure MCP-1 levels in BALF, and found that the levels decreased in a dose-dependent manner with dioscin treatment (Figure [2](#F2){ref-type="fig"}J). Because both innate and adaptive immune mechanisms are operative during the inflammatory phase [@B33], we used IF and IHC with antibodies against B220 and CD3 to determine if dioscin treatment affects B and T cells, respectively. We observed an increased number of B lymphocytes (B220+) in the lungs of mice exposed to CS compared with control mice. The number of B cells was also decreased in the lungs of mice exposed to CS but treated with dioscin (Figure [2](#F2){ref-type="fig"}K, L). Similarly, there were fewer T cells in the lungs of dioscin-treated mice (Figure [S4](#SM0){ref-type="supplementary-material"}C). We also performed FACS analysis of HLN cells, and found that CD3-positive cell counts were lower in dioscin-treated mice compared with CS-injured mice (Figure [S4](#SM0){ref-type="supplementary-material"}D). These results indicate that dioscin can alleviate CS-induced pulmonary inflammation by decreasing macrophage and lymphocyte infiltration into lung tissues.

Th responses are influenced by dioscin treatment
------------------------------------------------

T helper (Th) cells play a prominent role in the progression of some experimental models of fibrosis [@B34], [@B35], and a previous study showed that Th1/Th2 imbalance plays a role in fibrogenesis [@B36]. Specifically, the Th cell balance shifts from Th1 dominant in the stage of inflammation to Th2 dominant during fibrosis development. We detected the percentage of Th1 cells in the HLN by FACS analysis. As shown in Figure [3](#F3){ref-type="fig"}A and B, the percentage of CD3+CD8-(CD4+) cells expressing IFN-γ, regarded as Th1 cells, was significantly increased in CS-treated mice compared with control mates during the inflammatory phase. This effect was reversed with dioscin treatment. In addition, in the fibrosis stage, dioscin could reduce Th2 proportion in CD3+CD8-(CD4+) cells (Figure [3](#F3){ref-type="fig"}G, H). Th cells orchestrate immune responses involved in the host defense by producing cytokines [@B37]; thus, we used ELISA to measure the concentrations of typical Th1 cytokines (IL-2, IFN-γ) and typical Th2 cytokines (IL-4, IL-13) in BALF. We found that the expression of these cytokines in BALF was altered in a dose-dependent manner by dioscin treatment (Figure [3](#F3){ref-type="fig"}C, D, I, J). Next, we used qPCR to determine the expression of Th1 and Th2 transcription factors, T-bet and GATA3, respectively, in lung samples from treated and control mice. T-bet was decreased in the inflammatory stage (7 d), whereas GATA3 was decreased in the fibrosis stage (56 d) of dioscin-treated mice (Figure [3](#F3){ref-type="fig"}E, K). We measured the mRNA expression levels of Ifn-γ and Il-4 in mouse lungs and found that the results were consistent with those from the ELISA analyses (Figure [3](#F3){ref-type="fig"}F, L).

We also performed FACS analysis of Th17 cells (CD3+CD8-IL-17A+) in the HLN and found that CS exposure increased the number of Th17 cells in the HLN, which was decreased upon dioscin treatment at the inflammation (7 d) and fibrosis (56 d) stages (Figure [3](#F3){ref-type="fig"}M, N). Next, we measured IL-17 concentration in BALF, and found that it was reduced by dioscin treatment in a dose-dependent manner (Figure [3](#F3){ref-type="fig"}O). Together, these data demonstrate that Th responses are involved in CS-induced pulmonary inflammation and fibrosis. In addition, Th1, Th2 and Th17 immune responses are significantly attenuated in the inflammation and fibrosis stages, respectively, with treatment of dioscin.

Dioscin blocks ASK-1-p38/JNK signaling in CS-injured lungs
----------------------------------------------------------

Mitogen-activated protein kinases (MAPKs) are thought to play key regulatory roles in the production of pro-inflammatory cytokines. Studies have also shown that MAPK signaling modulates Th responses in several animal models [@B38], [@B39]. ASK-1 is a member of the MAP3K family, and is a critical upstream activator of p38 and JNK [@B40]. ASK-1 phosphorylation is correlated with several inflammatory diseases [@B41]-[@B43], and regulates IL-17 production [@B44]. To determine the mechanism by which dioscin affects immune responses, we examined the effects of dioscin on ASK-1-p38/JNK phosphorylation. Our western blot results showed that dioscin decreased CS-induced phosphorylation of ASK-1 (Figure [4](#F4){ref-type="fig"}A, B) and the up-regulated expressions of phosphorylated p38 and JNK in mouse lung samples (Figure [4](#F4){ref-type="fig"}C-E). These data demonstrate that dioscin may exert its anti-inflammatory effects via the ASK-1-p38/JNK pathway.

Dioscin inhibits macrophages and fibroblasts from secreting pro-inflammatory cytokines through blocking ASK-1-p38/JNK signaling
-------------------------------------------------------------------------------------------------------------------------------

To better illuminate the mechanism of dioscin\'s effects on individual cells of the lung, we did *in vitro* experiments, as well. Macrophages are the first line of defense against invading foreign bodies They can, in response to particles, produce pro-inflammatory and pro-fibrotic mediators that play important roles in inflammation and establishment of pulmonary fibrosis [@B45]. So, we used CS to stimulate macrophages while different concentrations of dioscin were added. We measured the cytokines in the culture medium. Results of ELISA showed that dioscin could effectively inhibit macrophages from secreting IL-1β, IL-6, TNF-α and MCP-1 (Figure [5](#F5){ref-type="fig"}E-H). We also did western blot analysis of the cell lysates. Results showed that dioscin effectively blocked the ASK-1-p38/JNK signaling pathway in macrophages (Figure [5](#F5){ref-type="fig"}A-D). To further illuminate the relationship between the cytokine reduction and blocked signaling pathway, we did a reverse experiment, in which we added dioscin together with anisomycin, a strong activator of JNK and p38 MAPK. Results showed that anisomycin could reverse the effect of dioscin on cytokines reduction (Figure [5](#F5){ref-type="fig"}E-H).

In addition, we did an *in vitro* experiment about fibroblasts. Fibroblasts are the effector cells of pulmonary fibrosis for the secretion of ECM proteins. But studies have shown that they could also secrete some pro-inflammation cytokines upon stimulation [@B46]. We treated NIH-3T3, a fibroblast cell line, with TNF-α together with various concentrations of dioscin. We did qPCR analysis to detect the mRNA levels of Il-6 Il-1β and Tnf-α in treated fibroblasts. Results showed that dioscin could reduce the mRNA level of Il-6 (Figure [5](#F5){ref-type="fig"}M). But we didn\'t detect the mRNA expressions of Il-1β and Tnf-α (Data not shown). We also did western blot analysis of the cell lysates of fibroblasts. As shown in Figure [5](#F5){ref-type="fig"}I-L, ASK-1-p38/JNK expression in fibroblasts was also blocked by dioscin in a dose-dependent manner. These results above showed that dioscin could inhibit macrophages and fibroblasts from secreting pro-inflammatory cytokines, which may be related to the alleviated pulmonary inflammation. The effects are related to dioscin\'s effect on the ASK-1-p38/JNK MAPK pathway.

Anti-fibrotic effects of dioscin are associated with the decreased accumulation of fibrocytes
---------------------------------------------------------------------------------------------

Fibrocytes are derived from the bone marrow, and they proliferate and differentiate into myofibroblasts, which release ECM components, leading to fibrosis [@B47]. The differentiation of fibrocytes is critically dependent upon CD4+ T cells, and the interaction between fibrocytes and Th cells promotes the pathogenesis of various diseases [@B48]-[@B51]. We hypothesized that dioscin affects fibrocyte accumulation in addition to its effects on T helper cells. To test this hypothesis, we performed double staining of fibrocytes with anti-CD45 (green) combined with anti-collagen I (red) on lung sections. Consistent with this idea, there was more fibrocyte accumulation in lungs exposed to CS compared with the control. This accumulation was reduced in a dose-dependent manner with dioscin (Figure [6](#F6){ref-type="fig"}A, B). FACS analysis also showed increased numbers of CD45+Collagen-1+fibrocytes in CS-injured lungs, and dioscin treatment consistently reduced fibrocyte accumulation (Figure [6](#F6){ref-type="fig"}C, D). To determine whether the reduced accumulation of fibrocytes was associated with a decrease of related chemokines, we performed qPCR analysis to evaluate the mRNA levels of Ccl12, Ccl19, Ccl21, and Cxcl12 in the lungs of dioscin-treated mice. As shown in Figure [6](#F6){ref-type="fig"}F, dioscin-treated mice had decreased mRNA levels of Ccl12 and Ccl19, but not Ccl21 or Cxcl12. These data indicate that the anti-fibrotic effects of dioscin are also associated with the decreased accumulation of fibrocytes, which appear to correlate with the down-regulation of related chemokines.

Dioscin protects epithelial cells from CS injury
------------------------------------------------

To determine fibrocyte involvement in dioscin\'s anti-fibrotic effects, we performed FACS analysis. It is worth noting that CD45-negative Col-1-positive cells were also increased in CS-injured lungs. Interestingly, dioscin treatment also reduced this cell population, which we reasoned may be alveolar epithelium cells (AECs), as they account for most of the CD45-negative cells in the lung. Therefore, we re-examined the H&E-stained sections using a larger magnification for the alveolar areas. It appeared that mice treated with dioscin had a significant reduction of lung architectural damage 7 d after CS injury (Figure [7](#F7){ref-type="fig"}A). Next, we performed FACS analysis to determine whether the epithelium underwent a functional transition, and found an increased number of EpCAM+FSP-1+ cells in response to CS exposure. Dioscin treatment decreased this portion of double positive cells (Figure [7](#F7){ref-type="fig"}B, C). Then we performed qPCR analysis of the lung tissues isolated from treated mice and found decreased mRNA levels of epithelial markers, such as Occludin, E-cadherin, and Sftpc, and increased levels of mesenchymal markers such as vimentin and FSP-1. Dioscin treatment inhibited expression of the CS-induced mesenchymal markers and restored expression of the epithelial markers in the lungs of treated mice (Figure [7](#F7){ref-type="fig"}D, E). IF analysis of the lung sections showed that CS diminished E-cadherin expression in the lung, whereas dioscin treatment restored its expression in a dose-dependent manner. Conversely, CS-induced N-cadherin expression, which was inhibited upon dioscin treatment (Figure [7](#F7){ref-type="fig"}F). Western blot analysis was used to detect the protein levels of vimentin (a fibroblast marker) in the lung of treated mice. As shown in Figure [7](#F7){ref-type="fig"}G and H, increased levels of vimentin were induced by CS instillation, which were decreased by dioscin in a dose-dependent manner. These data demonstrate that dioscin can protect AECs from CS injury and functional transition.

Dioscin could block TGF-β-Smad3 signaling pathway *in vivo* and*in vitro*
-------------------------------------------------------------------------

TGF-β-Smad3 signaling plays central roles in lung fibrogenesis. It is tightly linked to fibroblast activation and fibrogenesis [@B52], [@B53]. Before, we detected that dioscin could alleviate CS-induced epithelial injury and reduce the expression of a fibroblast marker Vimentin. To illuminate dioscin\'s effect on TGF-β signaling, we first examined the expression of TGF-β in lung tissues at 56 d after CS instillation. Immunoblot and qPCR analyses of lung extracts showed higher TGF-β protein and mRNA expressions, respectively, which were reduced by dioscin treatment (Figure [8](#F8){ref-type="fig"}A, B and C). Next, we examined the effects of dioscin on the TGF-β downstream Smad signaling pathway. Dioscin treatment inhibited CS-induced phosphorylation of Smad3 in a does-dependent manner, but did not alter total Smad3 expression levels (Figure [8](#F8){ref-type="fig"}D, E). TGF-β-Smad3 signaling is tightly linked with the activation of fibroblast. So, we next performed an *in vitro* experiment, in which we treated the fibroblast cell line NIH-3T3 with TGF-β1 together with various concentrations of dioscin. Western blot analysis was used to determine dioscin\'s effects on the phosphorylation of Smad3. Results showed that dioscin could block phosphorylation of Smad3 in NIH-3T3 cells in a dose-dependent manner (Figure [8](#F8){ref-type="fig"}F, G). It is believed that TGF-β secreted by macrophages serves as a paracrine stimulus to fibroblasts to promote the transformation of fibroblasts into myofibroblasts [@B30]. Furthermore, we co-cultured NIH-3T3 with RAW 264.7 in a transwell assay (Figure [8](#F8){ref-type="fig"}H). After 24 h co-culturing, the mRNA expressions of collagen I and α-SMA in NIH-3T3 fibroblasts were detected by qPCR. As shown in Figure [8](#F8){ref-type="fig"}I and J, co-culturing with CS-treated RAW 264.7 increased the mRNA levels of Col-I and α-SMA in NIH-3T3 cells, while dioscin could reduce this increase. TGF-β is an immunosuppressive cytokine that is secreted by multiple cell types, including macrophages and epithelial cells. Regulatory T cells (Tregs) also produce TGF-β [@B54]. So, we performed FACS analysis using a single cell suspension of HLNs and found that dioscin treatment reduced the percentage of CD25+Foxp3+ in CD4+ cells at 7 d and 56 d (Figure [8](#F8){ref-type="fig"}K, L), which is in accordance with other studies that have demonstrated that Tregs promote fibrogenesis [@B55]-[@B57]. We also performed qPCR to determine the mRNA levels of Foxp3, the key transcription factor that controls Treg expression, in the lungs of treated mice, and found decreased levels of this protein as well upon dioscin treatment (Figure [S6](#SM0){ref-type="supplementary-material"}A). The mRNA levels of Il-10 were also inhibited upon dioscin treatment (Figure [S6](#SM0){ref-type="supplementary-material"}B). These data indicate that dioscin\'s pulmonary protective effect is via a reduction of TGF-β and inhibition of the TGF-β-Smad3 pathway*in vivo* and *in vitro*.

Dioscin could postpone the progression of established silicosis
---------------------------------------------------------------

Before, we demonstrated that dioscin treatment could attenuate CS-induced pulmonary fibrosis. In that *in vivo* experiment, dioscin was delivered at approximately the same time as CS instillation. We further asked whether dioscin could prevent or postpone the progression of established fibrosis. So, we performed another *in vivo* experiment, in which dioscin was instilled by intragastric gavage 10 days after CS instillation (Figure [9](#F9){ref-type="fig"}A). During the 10 days, acute inflammation caused by CS was diminished, and pulmonary fibrosis was established. We initially treated mice with dioscin (80 mg/kg) from day 11 after CS injury. During the experiment, we recorded the animal body weights weekly and found that during the first two weeks the two groups of animals weighed roughly the same. After that the mice treated with dioscin recovered faster than those treated with vehicle (Figure [S7](#SM0){ref-type="supplementary-material"}A). We isolated the lungs and did related experiments. As shown in Figure [9](#F9){ref-type="fig"}B, the lungs from CS-treated mice at 56 d had a granular surface and acquired a white round fleck, which were ameliorated by dioscin. HYP measurement showed that collagen content was significantly decreased in the mice treated with dioscin, compared with those treated with vehicle (Figure [9](#F9){ref-type="fig"}C). Masson\'s trichrome staining displayed a similar result (Figure [9](#F9){ref-type="fig"}D and E). In addition, we isolated alveoli macrophages of these treated mice and cultured the cells. We measured the cytokines in the cultured medium and found that these cytokines were significantly reduced by dioscin treatment (Figure [S7](#SM0){ref-type="supplementary-material"}B-E), which was analogous to the result of the*in vitro* experiments. These data indicated that dioscin could significantly postpone lung fibrosis even after fibrotic disease had been established.

Discussion
==========

Silicosis, a form of pneumoconiosis, is a progressive occupational lung disease caused by the inhalation, deposition, and retention of CS particles [@B11]. The pathogenesis of silicosis has not been fully elucidated, and few treatments are available. Here, we show that oral treatment of dioscin in mice ameliorated CS-induced pulmonary fibrosis. To determine the mechanisms underlying its effects, we first conducted bioinformatics analysis to explore the biological function of dioscin, focusing on its effects on the inflammatory responses. We demonstrated that the anti-fibrotic effects of dioscin may be due to several mechanisms, including both immunoregulatory and direct pulmonary protective effects (Figure [10](#F10){ref-type="fig"}).

Immunity and inflammation are integral parts of the pathogenesis of silicosis. CS in the lungs induces recruitment of inflammatory cells and elevates the secretion of cytokines such as TNF-α, IL-1β, IL-6, MCP-1, and TGF-β1 during the innate immune phase. Macrophages, as typical representatives of innate immunity, engulf invading particles and participate in the fibrotic process [@B58]. They secrete multiple cytokines that regulate fibroblast recruitment, proliferation, and activation, among which TNF-α and IL-1β are recognized as the earliest factors [@B59]-[@B61]. We demonstrated that CS-injured mice given dioscin had reduced pulmonary inflammation, and decreased levels of TNF-α, IL-1β, and IL-6 in BALF (Figure [2](#F2){ref-type="fig"}). In addition, we did an *in vitro* study, in which we showed that dioscin could decrease CS-induced cytokines (IL-1β, IL-6, MCP-1 and TNF-α) released by LPS-primed macrophages (Figure [5](#F5){ref-type="fig"}). Studies on the role of macrophages in the fibrotic process have indicated that depleting macrophages during the early inflammatory phase leads to a reduction in scarred areas. In contrast, if macrophages are depleted during the late phase, fibrosis persists [@B62]. We found that macrophage infiltration into the lung was significantly reduced by dioscin treatment at 7 d, the early phase of the response to CS exposure, in accordance with the results of the aforementioned study. The immunoregulatory effects of dioscin on macrophages may be one reason for these anti-fibrotic effects.

We noticed massive cell infiltration near the perivascular region of the lungs of CS-injured mice. Thus, in addition to macrophages, we examined B and T lymphocytes as indicators of the adaptive immune response. B lymphocytes are involved in the progression of fibrosis and produce IL-6, a well-known fibroblast growth factor [@B63]. We found that dioscin treatment reduced IL-6 levels in BALF as well as B cell accumulation in the lung. Fibroblasts could also secrete cytokines upon stimulation. We did an *in vitro* experiment in which NIH-3T3 fibroblast was stimulated by TNF-α. Results showed that dioscin could block TNF-α-induced ASK-1-p38/JNK signaling and decrease IL-6 mRNA levels in NIH-3T3 fibroblasts. But, we did not detect IL-1β or TNF-α expressions in TNF-α-stimulated fibroblasts.

Th1/Th2 cells play contrasting roles during the inflammatory phase of pulmonary fibrosis [@B31]. Th1 cells secrete IFN-γ and IL-2 to promote the clearance of CS, which may lead to lung injury, whereas IL-4- and IL-13-producing Th2 cells inhibit the Th1 immune response and have been causally associated with fibrogenesis. In our study, we observed that dioscin treatment inhibited Th1 responses and also limited production of the Th2-associated cytokines IL-4 and IL-13 throughout the development of fibrogenesis. We reasoned that dioscin treatment could attenuate the devastating Th1 immune response, leading to a relatively milder Th2 response; however, future studies are needed for confirmation. We noticed that the variation tendency of Th2 cells in FACS analysis was not the same as that of Th2 cytokines, but it was the same as GATA3 expression. Type 2 cytokines could be secreted by multiple cells, including mast cells, basophils, type 2 innate lymphoid cells (ILC2), IL-4-and/or IL-13-conditioned macrophages and T helper 2 (Th2) cells [@B64]. These cells may secrete IL-4 and IL-13 to restrain Th1 responses. IL-17 and Th17 have also been implicated in the pathogenesis of CS-induced pulmonary fibrosis [@B65]. In our study, we observed that dioscin treatment alleviated the Th17 response, which may be another way to reduce collagen deposition. IL-6 and TGF-β promote differentiation of Th17 cells, and IL-17-driven fibrosis is dependent on TGF-β. Dioscin treatment also reduced TGF-β production. These effects may account for the roles of Th17 and IL-17 in CS-induced fibrogenesis.

These data on macrophages, B lymphocytes, and T lymphocytes *in vivo* demonstrate that dioscin decreased CS-induced pulmonary inflammation via the modulation of innate and adaptive immune responses. To determine the signaling pathways by which dioscin mediated these effects, we evaluated several proteins involved in the inflammatory response, such as p38, JNK, and ASK-1, and found that dioscin inhibited their phosphorylation. In an *in vitro* study, we used anisomycin, an activator of p38 and JNK MAPKs, to reverse dioscin\'s effects. The combined results suggest that the immunomodulatory and immunoregulatory effects of dioscin were associated with inhibition of ASK-p38/JNK signaling.

Cytokines, chemokines, and growth factors produced by inflammatory cells provide the milieu for the activation, accumulation, and differentiation of myofibroblasts, which act as major effector cells to produce excessive amounts of collagen fibers and other ECM proteins [@B6]. Fibrocytes are a circulating bone marrow-derived population of fibroblast-like cells, which produce high levels of collagen matrix and low levels of pro-inflammatory cytokines when stimulated with pro-fibrotic cytokines. In this study, the recruitment of fibrocytes was significantly attenuated by dioscin treatment, most likely due (at least in part) to the decreased number of T lymphocytes. The differentiation of fibrocytes is dependent upon CD4+ T cells [@B49], and the interaction between fibrocytes and CD4+ T cells enhances their functions. In addition to directly secreting ECM, fibrocytes release other related factors through paracrine effects [@B66]. We believe that dioscin\'s effects on fibrocytes also contribute to its anti-fibrosis effects.

In addition to dioscin\'s effects on fibrocytes, we observed that dioscin treatment also decreased the amount of CD45-Col-1+ cells (Figure [6](#F6){ref-type="fig"}C, E). We first reasoned that this cell population may be AECs. Injured AECs may undergo the EMT process, losing epithelial markers and gaining mesenchymal markers [@B67], [@B68]. Although several studies have indicated that EMT is a source of fibroblasts, a recent tracing study argued against the role of EMT as a source of fibroblasts in pulmonary fibrosis [@B69]. EMT is identified by epithelial cells losing their markers and gaining mesenchymal markers; however, in our FACS analysis, we found a population of cells expressing both epithelial and mesenchymal markers in lungs, which is consist with data from another research study [@B70]. These cells may also contribute to aberrant epithelial-mesenchymal crosstalk that promotes fibrogenesis [@B68]. Dong *et al.* (2015) demonstrated that AECs from bleomycin-injured mice lungs have decreased expression of epithelial markers and increased expression of mesenchymal markers [@B70]. Thus, from this perspective, injured AECs could enhance a pro-fibrotic milieu and activate quiescent resident fibroblasts, rather than undergoing the EMT process that directly transitions them into fibroblasts. Yang *et al.* (2013) indicated that repetitive injuries to AECs subsequently provoke the activation of fibroblasts and differentiation of myofibroblasts [@B71]. We found that dioscin treatment caused retention of CS-induced loss of epithelial markers and decreased CS-induced gain of mesenchymal markers. We believe that dioscin may protect AECs from CS injury, resulting in declined accumulation and activation of fibroblasts, ultimately leading to reduced collagen deposition.

Considerable attention has been focused on the role of TGF-β in the pathogenesis of pulmonary fibrosis, as it is a potent stimulus of ECM secretion from fibroblasts. In addition, the pro-fibrotic activities of TGF-β are mediated by Smad3 [@B52]. Before, we showed that dioscin could alleviate CS-induced epithelial injury and reduced the expression of vimentin (a fibroblast marker). Further, we showed that treatment of dioscin in CS-injured mice reduced TGF-β production and inhibited downstream Smad3 signaling. These effects may lead to decreased differentiation and activation of resident fibroblasts and/or fibrocytes. To further testify dioscin\'s effects on TGF-β-Smad3 signaling, we did an *in vitro* experiment with NIH-3T3 fibroblasts. Our results showed that dioscin could block TGF-β-induced phosphorylation of Smad3. Researches about liver fibrosis showed that dioscin could block TGF-β/Smad signaling *in vivo* and reduce Smad 3 phosphorylation in HSC-T6 and LX2 cells, which is consistent with our results [@B72], [@B73]. We believe that dioscin could alleviate CS-induced epithelial injury while blocking fibroblast activation (Figure [10](#F10){ref-type="fig"}B).

TGF-β is a multi-source cytokine that can be secreted by a large array of cells including macrophages and injured epithelial cells. We proved that dioscin could reduce the accumulation of macrophages and protect epithelial cells from CS injury, both of which led to a decline in TGF-β production. Tregs, a subset of CD4+ T cells expressing Foxp3, functions as an immune regulator, and produces TGF-β [@B54]. Furthermore, studies on the relationship between Tregs and pulmonary fibrosis have suggested that CD4+CD25^hi^Foxp3+ Tregs exacerbate pulmonary fibrosis [@B55]. Our previous study indicated that Tregs could influence the Th response during experimental silicosis in mice, which promoted transition from the Th1 to Th2 response [@B74]. Here, we demonstrated that CD4+ T cells including Th1, Th2, Th17 and Tregs were all decreased by dioscin treatment, possibly due to inhibition of the inflammatory signaling pathway.

Our previous study indicated that a specific inhibitor of ASK-1 could ameliorate CS-induced pulmonary inflammation and fibrosis through blocking 4-1BB pathway, which functions as an immune accelerator [@B24]. We believe that mild inflammation protects lung tissue against fibrogenesis. Dioscin decreased ASK-1 phosphorylation in this study, similar to the effects of a specific inhibitor. Dioscin is a natural product that has advantages over artificial compounds such as fewer side effects. Notably, we demonstrated that dioscin could also inhibit TGF-β-Smad3 signaling, indicating that dioscin is a multifunctional product that can both alleviate inflammation and inhibit fibrogenesis. In addition, studies have also shown that dioscin has anti-virus, anti-tumor, lipid-lowering, and hepatoprotective activities. Silicosis patients have a higher risk of suffering from these diseases, especially lung cancer, as CS is a potential lung carcinogen [@B3]. The results of our study suggest that dioscin may postpone CS-induced fibrogenesis and may even have the potential to prevent or treat silica-induced diseases.

In summary, our study demonstrated that dioscin has protective effects against CS-induced pulmonary fibrosis. Its immunomodulatory effects on the innate and adaptive immune responses reduced tissue damage and decreased the secretion of pro-fibrotic cytokines, which are required for fibroblast differentiation and activation. In addition, dioscin decreased fibrocyte recruitment, which is a direct source of fibroblasts. These joint effects led to decreased collagen deposition. Additional studies are needed to determine if this natural product has a clinical application in CS-induced pulmonary fibrosis.
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:   Apoptosis signal regulating kinase 1
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:   Alveolar epithelial cells

BALF

:   bronchoalveolar lavage fluid
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IL

:   interleukine

JNK
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![**Pulmonary fibrosis caused by CS was attenuated by intragastric administration of dioscin.** (A) Intervention dosing regimen of dioscin in experimental mouse model of silicosis. C57BL/6 mice were intragastric gavaged with different doses of dioscin or vehicle (n=10 per group) daily after CS instillation. Lungs were harvested at indicated time points for the following analyses. (B) Chemical structure of Dioscin. (C) Hydroxyproline (HYP) contents in lung tissues from dioscin or vehicle-treated mice were measured at 7, 14, 28, and 56 d (n = 3-4 per group; \*, P\<0.05; \*\*, P\<0.01). (D) Masson trichrome staining of collagen on lung sections taken from mice at 14, 28, and 56 d after CS instillation. Representative images are shown (n=4 per group). (E-H) Mice were treated with saline or CS, dioscin or vehicle for 56 d after which lung tissues were harvested for subsequent analyses. Western blot analysis of collagen I (Col-1, E) and fibronectin (Fn-1, E), β-Actin was used as a loading control (n=3). Quantification of Col-1 and Fn-1 protein levels relative to β-Actin is shown below each band. (F) Quantifications of the single protein. (G-H) qPCR analysis of *Col-1a1* and fibronectin (*Fn-1*) mRNA levels in lung tissues (n=6) (\*, P\<0.05; \*\*, P\<0.01). (I) Immunohistochemical analysis of collagen I in lung sections. Representative staining images are shown (n=4 per group). (D and I) Bar, 100 μm. The experiments were performed three times. (C, F, G, H) Error bar indicates mean ± SD.](thnov07p4255g001){#F1}

![**CS-induced pulmonary inflammatory responses were alleviated by dioscin.** (A) Bioinformatics analysis: chemical-protein interaction network in STITCH v.5.0. A screenshot from STITCH shows a network associated with dioscin. (B) Gene Ontology (GO) analysis of biological processes. (C) Lung sections of dioscin-treated mice for 7 d were stained with H&E. Representative images are shown (n=4-5 per group) Scale bar indicates 200 μm. (D-F) ELISA analysis of IL-1β, IL-6, and TNF-α in BALF of dioscin-treated mice for 7 d (n=5-6 per group). ND, not detected. (G) qPCR analysis of Il-6, Il-1β, and Tnf-α mRNA levels in the lung tissues of dioscin-treated mice for 7 d (n=6 per group). (H) Mac-2-positive macrophages were detected by immunofluorescence analysis of the lung sections (green). Nuclei were visualized with DAPI (blue). (I) Quantification of Mac-2 positive cells in lung sections (n=3-4 per group). (J) CBA analysis of MCP-1 in BALF of dioscin-treated mice for 7 d (n=5 per group). (K) B220-positive B cells were detected by immunofluorescence analysis of the lung sections (green). Nuclei were visualized with DAPI (blue) (n=3-4 per group). (L) Quantification of B220 positive cells in lung sections (n=3-4 per group). White arrows indicate positive staining. The lung sections used in (H, K) were from different mice treated for 7 d. Scale bar indicates 100 μm in H, K. \*, P\<0.05; \*\*, P\<0.01; the experiments were performed three times. Error bar indicates mean ± SD.](thnov07p4255g002){#F2}

![**T helper cell immune responses were influenced by dioscin in the mouse model of CS-induced fibrosis.** (A, B) Percentage of CD3+CD8-(CD4+) cells expressing IFN-γ (Th1 cells) in hilar lymph nodes was assayed by FACS analysis (n=5 per group). (C, D) ELISA analysis of IL-2 and IFN-γ in BALF (n=5 per group). (E, F) qPCR analysis of T-bet and IFN-γ in the lung tissues (n=5 per group). (G, H) Percentage of CD3+CD8-(CD4+) cells expressing IL-4 (Th2 cells) in hilar lymph nodes was assayed by FACS analysis (n=4-5 per group). (I, J) ELISA analysis of IL-4 and IL-13 in BALF (n=5 per group). (K, L) qPCR analysis of GATA3 and Il-4 in the lung tissues (n=5 per group). (M, N) Percentage of CD3+CD8-(CD4+) cells expressing IL-17 (Th17 cells) in hilar lymph nodes was assayed by FACS analysis. (n=5 per group). (O) ELISA analysis of IL-17 in BALF (n=5 per group). Gating strategy is shown in the figure. \*, P\<0.05; \*\*, P\<0.01; the experiments were performed twice with similar results. Error bar indicates mean ± SD.](thnov07p4255g003){#F3}

![**Phosphorylation of ASK-1 and downstream MAPK proteins in the lung was blocked by intragastric administration of dioscin.** (A, C) Western blot analyses of ASK1 phosphorylation and downstream MAPK proteins (p38 and JNK/SAPK) at 7 d (n=3). Figure shows the representative images of three independent experiments. Quantification of each protein level relative to β-Actin is shown below each band. (B, D, E) The levels of phospho-ASK1, phosphor-p38 and phosphor-JNK were normalized to those of β-Actin. Data are the mean of three independent experiments. \*, P\<0.05; \*\*, P\<0.01. Error bars indicate the mean ± SD. The experiment was performed in triplicate.](thnov07p4255g004){#F4}

![**Dioscin inhibits macrophages and fibroblasts from secreting pro-inflammatory cytokines.** (A) Western blot analyses of ASK1 phosphorylation and downstream MAPK proteins (p38 and JNK/SAPK) in LPS-primed RAW 264.7 macrophages treated with CS (50 μg/cm^2^) together with different does of dioscin for 6 h. Anisomycin was used to reverse dioscin\'s effect (2 ng/mL). Quantification of each protein level relative to β-Actin is shown below each band*.* (B-D) The levels of phospho-ASK1, phospho-p38 and phosphor-JNK were normalized to those of β-Actin (n=3). (E-H) ELISA analyses of pro-inflammation cytokines in the culture medium of different treated macrophages at 6 h. (E) MCP-1, (F) IL-1β, (G) IL-6, (H)TNF-α (n=3). Data are the mean of three independent experiments (n=3). (I) Western blot analyses of ASK1 phosphorylation and downstream MAPK proteins (p38 and JNK/SAPK) in TNF-α- (25 ng/mL) treated NIH-3T3 fibroblasts together with different does of dioscin for 30 min. Quantification of each protein level relative to β-Actin is shown below each band*.* (J-L) The levels of phospho-ASK1, phospho-p38 and phosphor-JNK were normalized to those of β-Actin (n=3). (M) qPCR analysis of Il-6 mRNA levels in TNF-α- (25 ng/mL) treated fibroblasts together with different concentrations of dioscin for 12 h (n=3). \*, P\<0.05; \*\*, P\<0.01. Error bars indicate the mean ± SD. The experiment was performed twice with similar results.](thnov07p4255g005){#F5}

![**Fibrocyte recruitment into the lungs was reduced by dioscin treatment.** (A) CD45 (green), Col-1 (red)-positive cells were detected by immunofluorescence analysis of the lung sections at 56 d. Nuclei were visualized with DAPI (blue) (n=3-4 per group). White arrow indicates fibrocytes. Scale bar indicates 100 μm. (B) Quantification of fibrocytes in lung sections (n=3-4 per group). (C) Representative flow cytometry plots of CD45 and Col-1-positive populations in lung single cell suspension from mice treated for 56 d (n=5). (D) Quantification of CD45+ Col-1+ cells. (E) Quantification of CD45- Col-1+ cells. (F) qPCR analysis of Ccl-12, Ccl19, Ccl-21, and Cxcl12 in the lung tissues at 56 d (n=5 per group). \*, P\<0.05; \*\*, P\<0.01. Error bars indicate the mean ± SD. The experiment was performed in triplicate](thnov07p4255g006){#F6}

![**Dioscin protected alveolar epithelial cells from injury.** (A) Alveolar areas of mice treated for 7 d were stained with H&E. Representative images of staining are shown (n=4-5 per group). (B C) Representative flow cytometry plots and quantification of EpCAM and FSP-1 double positive population in lung single cell suspension at 7 d. (n=5). (D) Relative mRNA levels of epithelial cell markers including Occuludin (Ocln), E-cadherin (Cdh1), Sftpc and (E) mesenchymal cell markers including vimentin (Vim) and FSP-1 in lungs from treated mice at 7 d (n=6 per group). The experiment was performed in triplicate. (F) E-cadherin- and N-cadherin-positive cells were detected by immunofluorescence analysis on the lung sections at 56 d. Nuclei were visualized with DAPI (blue). Scale bar indicates 100 μm. (G, H) Western blot analysis and quantification of vimentin in lungs of treated mice at 56 d (n=4). β-Actin was used as the loading control. Quantification of Vimentin levels relative to β-Actin is shown below the band. \*, P\<0.05; \*\*, P\<0.01. Error bars indicate the mean ± SD.](thnov07p4255g007){#F7}

![**Dioscin regulated the TGF-β1-Samd3 signaling pathway and regulatory T cell functions.** (A, B) Western blot analysis and quantification of TGF-β1 in lungs of dioscin-treated mice at 56 d (n=3). β-Actin was used as the loading control. Quantification of TGF-β1 levels relative to β-Actin is shown below the band. (C) qPCR analysis of *Tgf-β1* in the lung tissues (n=6-8 per group). \*, P\<0.05; \*\*, P\<0.01. Error bars indicate the mean ± SD. The experiment was performed in triplicate. (D, E) Western blot analysis and quantification of Smad3 signaling in the lungs of treated mice at 56 d (n=3). β-Actin was used as the loading control. Quantification of p-Smad3 levels relative to β-Actin is shown below the band. (F, G) Western blot analysis of p-Smad3 and Smad3 in NIH-3T3 fibroblast, 30 min after TGF-β1 (5 ng/mL) and dioscin treatment. Quantification of p-Smad3 levels relative to β-Actin is shown below the band. (H) Schematic design of transwell experiment: RAW 264.7 macrophages were primed by LPS (25 ng/mL) for 3 h, and then treated with CS (50 μg/cm^2^) together with dioscin or anisomycin (2 ng/mL) for 24 h in the lower plate, while NIH-3T3 fibroblasts were attached in the upper chamber. After that, the upper chamber was inserted back to the lower plate, and macrophages and fibroblasts were co-cultured for another 24 h. Then, the mRNA expressions of Col1a1 (I) and α-SMA (J) in NIH-3T3 fibroblast were determined by qPCR (n=3). (K, L) Percentage of CD4+CD25+FoxP3+ cells (regulatory T cells) in hilar lymph nodes was assayed by FACS analysis (n=5). \*, P\<0.05; \*\*, P\<0.01. Error bars indicate the mean ± SD.](thnov07p4255g008){#F8}

![**Dioscin could postpone the progression of established silicosis.** (A) Intervention dosing regimen of dioscin in established silicosis. CS instillation was used to induce silicosis and no treatment was given during the first 10 d. Then, silicosis mice were intragastric gavaged with dioscin (80 mg/kg) or vehicle (n=8 per group) daily. Lungs were harvested at the indicated time points for HYP measurement and Masson trichrome staining. (B) Effects of dioscin on mice lungs. (C) HYP content in lung tissues from dioscin or vehicle-treated mice were measured at 28, 42, and 56 d (n = 4-5 per group; \*, P\<0.05; \*\*, P\<0.01). (D) Masson trichrome staining of collagen on lung sections taken from mice at 28, 42 and 56 d after CS instillation. Representative images are shown (n=4-5 per group). Scale bar indicates 200 μm. (E) Fibrotic score analysis of the lung sections of 56 d. The fibrotic area is presented as a percentage. \*\*, P\<0.01. Horizontal lines indicate mean.](thnov07p4255g009){#F9}

![**Schematic model of dioscin\'s anti-fibrotic effects. (**A) Dioscin decreased the phosphorylation of ASK-1, leading to the attenuation of inflammation, and blocked TGF-β-Smad3 signaling, resulting in decreased collagen deposition. (B) Oral administration of dioscin alleviates CS-induced fibrosis by (i) Immunomodulatory effects: dioscin ameliorated CS-induced innate immune responses (typically macrophages), adaptive immune responses (lymphocytes) and Th immune responses (Th1/Th2/Th17, Tregs). (ii) Direct pulmonary protective effects: reducing the recruitment of fibrocytes (CD45+Col-1+), protecting alveolar epithelial cells (CD45-) from injury and decreasing fibroblast activation.](thnov07p4255g010){#F10}
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